The purpose of this study was to determine whether a relationship existed between the diel surfacing trends of the bimodally respiring freshwater turtle Rheodytes leukops and daily fluctuations in specific biotic and abiotic factors. The diel surfacing behaviour of adult R. leukops was recorded over four consecutive seasons (Austral autumn 2000 -summer 2001) within Marlborough Creek, central Queensland, Australia, using pressure-sensitive time-depth recorders. Additionally, diurnal variations in water temperature and aquatic PO 2 level, as well as the turtle's behavioural state (i.e., active versus resting), were monitored. In autumn and summer, surfacing frequency increased significantly during the daylight hours, with peak levels normally occurring around dawn (0500-0700) and dusk (1700-1900). However, no consistent diel surfacing trend was recorded for the turtles in winter or spring, owing to considerable variation among individual R. leukops. Diurnal surfacing trends recorded for R. leukops in autumn and summer are attributed to periods of increased activity (possibly associated with foraging) during the daylight hours and not to daily variations in water temperature or aquatic PO 2 level. Turtles generally remained at a depth greater than 1 m throughout the day, where the effect of diel fluctuations in water temperature (<0.5°C) and aquatic PO 2 level (<15 mm Hg (1 mm Hg = 133.322 Pa)) was considered to be negligible.
Introduction
Rheodytes leukops is a bimodally respiring freshwater turtle that utilizes highly modified cloacal bursae to extract a significant portion of its total oxygen requirements from the water (Priest 1997) . The ability of R. leukops to supplement its pulmonary oxygen reserves via aquatic respiration results in a reduced surfacing frequency compared with primarily air-breathing turtles (Gordos and Franklin 2002; Priest and Franklin 2002) . However, the surfacing behaviour of R. leukops is dependent not only upon the turtle's physiological capabilities but also upon seasonally fluctuating abiotic and biotic factors (Priest and Franklin 2002; Gordos et al. 2003) . Increases in water temperature from winter to summer levels result in elevated metabolic rates (as measured by oxygen consumption) for aquatic turtles, which in turn leads to diminished dive times (Gatten 1978 (Gatten , 1980 Ultsch and Jackson 1982; Herbert and Jackson 1985; Santos et al. 1990; Priest and Franklin 2002) . Additionally, increasing temperatures reduce the oxygen capacitance of water, which decreases the effectiveness of aquatic respiration and increases the surfacing frequency of bimodally respiring turtles (Dejours 1994; Ultsch 1989; Stone et al. 1992; Prassack et al. 2001; Priest and Franklin 2002) . The behavioural state of turtles (i.e., resting versus active) also varies seasonally, with periods of activity generally increasing with tempera-ture from winter to summer (Georges 1982; Chessman 1988; Dall'Antonia 2001; Prassack et al. 2001) . Although aquatic respiration may be sufficient to sustain resting metabolic rates in certain species, elevated rates of oxygen consumption associated with periods of activity tend to require increased bouts of air-breathing in bimodally respiring turtles (Girgis 1961; Gatten 1974 Gatten , 1978 Butler et al. 1984; Bagatto and Henry 1999; Hays et al. 2000) . Aquatic temperature and PO 2 level, as well as the behavioural state of turtles, also vary on a daily scale (Hynes 1970; Georges 1982; Chessman 1988; Dall'Antonia et al. 2001; Wetzel 2001) . In shallow lotic systems, water temperature typically decreases to a daily minimum just before sunrise before warming to a maximum value in the late afternoon (Hynes 1970; Wetzel 2001) . Diel aquatic PO 2 fluctuations are chiefly influenced by plant photosynthesis and respiration, with daily values normally at their lowest in the early morning and peaking in the evening hours (Hynes 1970; Wetzel 2001) . However, the effect of daily fluctuations in biotic and abiotic factors upon the diel surfacing trends of freshwater turtles has yet to be investigated. Therefore, the aim of this study was to record the diel surfacing behaviour of R. leukops over a seasonal scale to investigate the relationship between surfacing frequency and daily variations in water temperature, aquatic PO 2 level, and the turtle's level of activity. Additionally, insights into the general ecology of R. leukops inferred from seasonal changes in diel trends will be discussed.
Materials and methods

Study-site description
Four month long seasonal investigations (Austral autumn 2000 -summer 2001) were conducted within two pools (>1 km in length, 30-60 m wide, and 1-3 m deep) of Marlborough Creek (22°57′34 ′′S, 149°52′08 ′′E), a tributary of the Fitzroy River in central Queensland, Australia. Water height (Queensland Department of Natural Resources water station No. 1300009a), water velocity (<2 cm·s -1 ), and water clarity (<1.5 m) generally remained constant within the pools throughout the seasons except for a week during a summer flood event.
Diel water temperature and PO 2 profiles (YSI model 55 dissolved oxygen -temperature system) were recorded seasonally within a pool located upstream of the study sites, so as not to disturb the diving behaviour of tagged turtles. Three times per season, six repeat measurements of water temperature and aquatic PO 2 level were recorded at each of three depths (surface and 1 and 2 m) every sixth hour of the day (starting at 0600) within the middle of the sampling pool. Diel water temperature and PO 2 profiles recorded within the study sites after the completion of time-depth recorder (TDR) logging followed similar trends as observed in the sampling pool, suggesting that results presented herein are representative of the study sites.
Animal capture and handling
All turtles were captured within the study-site pools and were considered mature as determined by mass and straightline carapace length (Legler and Cann 1980; see Gordos et al. 2003) . Given that R. leukops nest between September and November (Legler and Cann 1980) , female turtles were palped during the spring season to avoid using gravid individuals. A TDR (55 mm × 16 mm, 1 g in water, model LTD-10; Lotek Marine Technologies Inc., St. John's, Nfld.) and two single-stage radiotransmitters (25 mm × 15 mm × 12 mm, 11.2 ± 1.4 g, 40 mm × 30 mm × 15 mm, 27.6 ± 1.4 g; Titley Electronics, Ballina, Australia) were attached to the postmarginal scutes of each turtle as described in Gordos and Franklin (2002) . TDRs logged water pressure (± 4.0 cm) every 4 s and temperature (±0.1°C) every 5 min for up to 21 days. However, TDRs did not start logging until 10 days after the release of a turtle at its initial capture site to minimize the effects of handling stress (Gordos and Franklin 2002) . After the completion of TDR logging, turtles were recaptured, equipment was removed, and TDRs were calibrated. All turtles were notched to avoid double sampling during subsequent seasons (Limpus et al. 2002) . Collection and field experimentation of R. leukops were conducted in accordance with the principles and guidelines of the Canadian Council on Animal Care.
Analysis of results
Downloaded TDR dive data (TagTalk, version 0.991.93; Lotek Marine Technologies Inc.) were converted from pressure (pounds per square inch) to depth (centimetres) values prior to analysis. Turtles were considered to be diving if TDR depth exceeded 40 cm (threshold = distance from TDR to turtle's nares (30 cm) + drift in the zero line of a TDR during deployment (10 cm)). However, because of an inherent fluctuation in all TDRs of ±4.0 cm, dives with a maximum depth <45 cm were not scored, with the length of these dives being added to the previous surfacing event.
Custom-written programs (M.A. Gordos) initially analysed TDR data for the proportion of surfacing events per hour per day, mean dive depth per hour per day, and mean TDR temperature per hour per day for each turtle. Additionally, the proportion of activity counts per hour per day was determined for individual turtles by logging temporal variations in depth of ±6.0 cm that were recorded as one activity count. Hourly surfacing, activity, depth, and temperature values were then averaged over the entire deployment period for each turtle. To achieve normality, hourly activity and surfacing proportions were square-root and arcsine transformed (p′ = arcsine( p)) prior to statistical analysis. For each season, the 24-h day was divided into five periods (night 1 (P1), dawn (P2), day (P3), dusk (P4), and night 2 (P5)) (Table 1) for the purpose of statistical analysis, with mean values of surfacing frequency, activity level, and dive depth being determined for each period for individual R. leukops. Selection of periods was based upon diel-trend results from a previous investigation on R. leukops (Gordos and Franklin 2002) , with dawn and dusk (P2 and P4) being identified as the first and last 2 h of sunlight for each season.
Within-season differences among the five periods for surfacing frequency, activity level, and depth were investigated using a MANOVA. Following a significant finding (P < 0.05), three planned comparisons were run between the five periods to elucidate specific diel trends within a season: daylight versus night (P2, P3, and P4 versus P1 and P5), dawn versus dusk (P2 versus P4), and dawn-dusk versus day (P2 and P4 versus P3). Because of the small sample size within each season, statistical differences between sexes were not investigated and are acknowledged as a possible confounding factor. Unless specified, all values hereafter are presented as mean ± SE.
Results
Diel diving behaviour
The diving behaviour of R. leukops within each season was analysed for diel trends in surfacing frequency, periods of activity, and dive depth. In autumn, turtles were significantly more active (n = 2 females and 5 males) (F [4, 24] = 8.617, P < 0.001) and surfaced more frequently (F [4, 24] = 5.314, P < 0.01) during the daytime (P2, P3, and P4) than during the night (P1 and P5) (Figs. 1a and 1b). Despite peaks in surfacing frequency and activity level at crepuscular hours, differences between the three daylight periods (P2, P3, and P4) were not significant. Daytime dive depth was significantly shallower compared with nighttime levels (F [4, 24] = 13.729, P < 0.001) (Fig. 1c) , with hourly mean depth gradually decreasing throughout the day from 182.5 ± 11.4 cm at 0400 to a low value of 110.8 ± 9.7 cm at 1500.
In winter, daily variation in diving behaviour with respect to time of day was significant only for the turtles' level of activity (n = 4 females and 2 males) (F [4, 20] = 4.376, P < 0.05) (Fig. 2) . Rheodytes leukops were significantly more active during the day than during the night, with the peak level of activity generally occurring from the early morning to midday (0600-1200). Despite an increased surfacing frequency at dusk (1700) (Fig. 2a) , differences among the five periods were not significant (P = 0.471), owing to the highly variable surfacing behaviour among turtles during winter. Rheodytes leukops generally remained at a depth of >100 cm (range 132.3 ± 13.5 to 141.9 ± 14.1 cm) throughout the day, with no significant trend being observed for the season (P = 0.090) (Fig. 2c) .
Diel trends in surfacing frequency and activity level were generally observed for individual R. leukops in spring; however, patterns varied considerably among turtles, resulting in nonsignificant findings for the season overall (n = 4 females and 5 males) (surfacing: P = 0.619, activity: P = 0.237) (Figs. 3a and 3b) . Because of a decrease in mean dive depth from the early morning (137.4 ± 23.9 cm at 0500) to late afternoon (111.1 ± 18.2 cm at 1400), turtles in spring were significantly shallower at dusk than at dawn (F [4, 32] = 6.365, P < 0.05) (Fig. 3c) . However, the depth where R. leukops resided during the day (P2, P3, and P4) versus the night (P1 and P5) and during the crepuscular periods (P2 and P4) versus daylight hours (P3) was not significantly different.
Significant diel trends were observed for R. leukops in summer regarding surfacing frequency (n = 4 females and 4 males) (F [4, 28] = 6.761, P < 0.001), activity level (F [4, 28] = 11.871, P < 0.001), and dive depth (F [4, 28] = 8.851, P < 0.001) (Fig. 4) . Turtles surfaced more often during the daytime than during the night in summer (P < 0.01), but comparison between the crepuscular and daylight hours was not
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Note: P2 and P4 were determined as the first and last 2 h of sunlight for each season. (P3)). An asterisk indicates a significant difference (P < 0.05) between the daylight (P2, P3, and P4) and nighttime hours (P1 and P5).
significant (P = 0.869). Similarly, R. leukops displayed a sharp increase in activity at sunrise (0500) that was maintained throughout the day until sunset (1900) (P < 0.01). Finally, R. leukops in summer registered the shallowest mean dive depth (102.7 ± 14.4 cm), with levels decreasing significantly during the day (87.8 ± 3.1 cm) compared with the night (123.1 ± 2.0 cm).
Water temperature and PO 2 trends
Aquatic PO 2 and temperature profiles were recorded seasonally within a sampling pool located upstream from the study sites containing tagged turtles. Aquatic PO 2 levels decreased with depth in all four seasons (Fig. 5) , with the greatest difference occurring in summer where surface levels (97.5 ± 12.7 mm Hg (1 mm Hg = 133.322 Pa)) were 3-fold higher than levels recorded at 2 m depth (28.9 ± 2.0 mm Hg). Winter aquatic PO 2 levels varied little with depth, with values remaining near normoxic throughout the season (range 118.3 ± 1.7 to 139.0 ± 9.4 mm Hg). Autumn and spring PO 2 profiles displayed similar patterns, with hypoxic conditions persisting below the water's surface.
Diel changes in aquatic PO 2 level within each season followed similar patterns as observed in summer (Fig. 6 ). Considerable daily variation was observed at the water's surface, with fluctuations of 72.0 and 53.7 mm Hg being recorded during autumn and summer, respectively. Generally, daily lows occurred at 0600, with PO 2 level increasing throughout the day until dusk (1800). However, aquatic PO 2 levels at 1 and 2 m depth generally remained constant throughout the Fig. 2 . Diel trends (mean ± SE) for R. leukops in winter for the proportion of total surfacings per hour (a), proportion of total activity per hour (b), and mean depth per hour (c). For purposes of analysis, the 24-h day was divided into five periods as depicted at the top of the figure (solid bar, night 1 (P1) and night 2 (P5); cross-hatched bar, dawn (P2) and dusk (P4); open bar, day (P3)). An asterisk indicates a significant difference (P < 0.05) between the daylight (P2, P3, and P4) and nighttime hours (P1 and P5). Fig. 3 . Diel trends (mean ± SE) for R. leukops in spring for the proportion of total surfacings per hour (a), proportion of total activity per hour (b), and mean depth per hour (c). For purposes of analysis, the 24-h day was divided into five periods as depicted at the top of the figure (solid bar, night 1 (P1) and night 2 (P5); cross-hatched bar, dawn (P2) and dusk (P4); open bar, day (P3)). An asterisk indicates a significant difference (P < 0.05) between dawn (P2) and dusk (P4).
day during all four seasons, varying <15.0 mm Hg over 24 h.
Mean water temperatures recorded for the sampling pool during autumn (23.8 ± 0.3°C) and spring (23.8 ± 0.2°C) were similar, while winter levels (15.2 ± 0.4°C) were more than 12°C cooler than summer temperatures (27.5 ± 0.2°C). Contrary to aquatic PO 2 levels, mean water temperature within a season varied little with depth (<3.5°C) throughout the year (Table 2) . Diel temperature changes at the water's surface showed the greatest fluctuation of the three depths, with temperature increasing from lows at 0600 to a high value at 1800 (Fig. 7a) . At 1 and 2 m depth, water temperature varied little (<0.5°C) throughout the day during all four seasons. Diel temperature trends as measured by TDRs followed similar patterns as recorded in the sampling pool, with TDR levels increasing from a minimum value in the early morning (0600-0800) to a maximum value in the late afternoon (1500-1700) (Fig. 7b) . For all four seasons, mean hourly TDR temperature trends fluctuated <2°C over a daily range, with minimum and maximum values falling between the range of temperatures logged within the sampling pool (Table 2) .
Discussion
The surfacing frequency of aquatic turtles is dependent upon seasonally changing environmental conditions such as water temperature and aquatic PO 2 level, with bimodally respiring species switching from facultative to obligate airbreathers as abiotic factors change from winter to summer levels (Gatten 1980 ; Ultsch and Jackson 1982, 1995; Herbert (P3)). An asterisk indicates a significant difference (P < 0.05) between the daylight (P2, P3, and P4) and nighttime hours (P1 and P5). and Jackson 1985; Ultsch 1989; King and Heatwole 1994; Crocker et al. 2000; Prassack et al. 2001; Gordos et al. 2003) . However, on a daily scale, fluctuations in water temperature and aquatic PO 2 level do not appear to directly influence the diel surfacing trends of R. leukops. The absence of a relationship is attributed to negligible daily variations of the two abiotic factors at the depth (>1 m) where R. leukops primarily resided throughout the year. At 1 m depth within the sampling pool, water temperature and aquatic PO 2 levels varied <0.5°C·day -1 and <15.0 mm Hg·day -1 , respectively. Additionally, water temperature as recorded by TDRs attached directly to R. leukops generally varied <2°C·day -1 within each season. On a cautionary note, however, recordings of aquatic PO 2 levels at predetermined depths (i.e., surface and 1 and 2 m) may not be reflective of the levels where a turtle resides. Turtles situated at a particular depth can experience considerably different PO 2 levels depending upon the selected habitat (e.g., within a weed bed versus decaying organic matter) and the time of day (noon versus midnight).
Diurnal surfacing trends observed for R. leukops in autumn and summer are instead attributed to periods of increased activity during the daylight hours. Increased activity results in elevated rates of oxygen consumption and hence an increased surfacing frequency in aquatic turtles (Gatten 1974 (Gatten , 1978 Stockard and Gatten 1983; Butler et al. 1984; Bagatto and Henry 1999; Hochscheid et al. 1999; Hays et al. 2000) . Within green turtles (Chelonia mydas), swimming resulted in a 2.83-fold increase in the rate of oxygen consumption compared with resting turtles, which in turn led to a nearly 3-fold decrease in dive length (Butler et al. 1984) . Using a three-dimensional compass-based TDR system, Hays et al. (2000) similarly demonstrated for free-ranging green turtles that dive length decreased with increased activity during the bottom phase of dives.
A limitation of the study was the dependence of activity counts upon the turtle's surfacing frequency whereby the more the turtle surfaces, the more activity counts will be logged. Hays et al. (2000) circumvented this problem by focusing upon the activity level of C. mydas during the bottom phase of dives, thus removing periods related to travel to and from the surface. Unfortunately, such an approach is inappropriate for R. leukops because of differences in the turtle's physiology as well as its environment. Unlike C. mydas, R. leukops is negatively buoyant and thus rarely separates itself from the substrate, even when surfacing (i.e., the turtle climbs rather than floats to the surface) (Legler and Cann 1980 ; M.A. Gordos, personal observation). Additionally, unlike the marine environment where the water column separates the surface from the substrate, the "bottom" in freshwater systems can include the sides of creeks (which lead up to the surface) as well as shallow sections such as riffle zones. Differentiating between activities associated with the bottom phase of dives and movement associated with surfacing is thus problematical for R. leukops and would invariably bias the selection of specific dive types for analysis (e.g., U-shaped dives).
Bimodal activity patterns observed for R. leukops in autumn and summer are similarly reported for other aquatic pleurodiran (Georges 1982; Chessman 1988 ) and cryptodiran species (Ernst 1986a; Rowe and Moll 1991; Dall'Antonia et al. 2001) , with active periods often being attributed to behaviour associated with foraging (Georges 1982; Ernst 1986a; Chessman 1988; Rowe and Moll 1991; van Dam and Diez 1996) . Chessman (1986) odoratus (Ernst 1986a) , Emydoidea blandingi (Rowe and Moll 1991) , Emydura krefftii (Georges 1982) , and E. macquarii, Chelodina expansa, and Chelodina longicollis (Chessman 1988). Furthermore, van Dam and Diez (1996) described a diurnal feeding pattern for juvenile Hawksbill turtles (Eretmochelys imbricata) from TDR dive profiles, with foraging dives represented by continuous depth fluctuations during relatively short submergence intervals.
Diel activity trends recorded for R. leukops shifted from a bimodal pattern in autumn and summer to a unimodal trend in winter. Similar seasonal changes in activity have been recorded for aquatic turtles in the field (Georges 1982) and in the laboratory (Graham and Hutchison 1979) , with the shift possibly resulting from changes in foraging intensity or food availability, altered metabolic rates associated with reduced water temperatures, or a decreased photoperiod (Graham 1979; Georges 1982; Ernst 1986b; Chessman 1988; Spencer et al. 1998) . However, unlike autumn and summer, diel surfacing frequency for R. leukops was not related to the activity patterns of turtles in winter. This result may be due to the reduced number of activity counts recorded for turtles during winter (Gordos et al. 2003) where, although R. leukops was more active during the day in a statistical sense, the actual metabolic cost associated with the activity was too low to influence the turtle's surfacing frequency. Additionally, bimodally respiring turtles generally increase their reliance upon aquatic respiration as water temperature decreases because of the high oxygen capacitance of the water and the depressed metabolic rate of the turtle (Gatten 1980; Herbert and Jackson 1985; King and Heatwole 1994; Prassack et al. 2001) . Fewer surfacing intervals would be recorded for R. leukops in winter if turtles were able to increasingly meet their metabolic demands via aquatic respiration.
In spring, individual R. leukops displayed consistent diel activity trends, with daily surfacing frequency mirroring the observed activity patterns. However, because of considerable variation among turtles, no consistent trend was observed for activity or surfacing frequency for the season. Variation in diel behavioural patterns among turtles may be due to changes in the abundance and location of food, with fluctuations in foraging intensity influencing the turtle's activity trends and hence surfacing frequency. Additionally, nesting is known to occur during the spring season (SeptemberNovember) for R. leukops (Legler and Cann 1980) , with the influence of physiological and behavioural changes associated with breeding and nesting upon the turtle's diel rhythms unknown. For male snapping turtles (Chelydra serpentina), Brown and Brooks (1993) observed that movement and activity levels increased significantly during the breeding season.
Freshwater turtles routinely bask during the daylight hours for the purpose of thermoregulation (Moll and Legler 1971; Crawford et al. 1983; Ernst 1986b; Rowe and Moll 1991; King et al. 1998; Krawchuk and Brooks 1998; Dall'Antonia et al. 2001) , with advantages associated with raised body temperatures including elevated growth rates (Christy et al. 1973; King et al. 1998 ) and decreased gut transit time (Spencer et al. 1998) . Although R. leukops does not display atmospheric basking (Legler and Cann 1980; Cann 1998) , several species of aquatic turtles are known to thermoregulate using warmer surface waters (Moll and Legler 1971; Spotila et al. 1984; Chessman 1987) or thermal springs (Doody et al. 2001) . Movement into shallower depths, as observed for R. leukops in autumn and summer, is suggestive of aquatic basking behaviour. However, temperature data obtained from the sampling pool and from the TDRs indicate that R. leukops rarely took advantage of warmer temperatures recorded at the surface. Instead, shallower dive depths recorded during the day for turtles in autumn and summer are attributed to the increased surfacing frequency during these time periods. Moreover, daytime decreases in dive depth may also be indicative of foraging behaviour, since R. leukops within Marlborough Creek are known to feed extensively upon a ribbonweed species (Vallisnaria sp.) that is restricted to shallow water (<1 m) (Cann 1998) .
In summary, the diel surfacing trends observed for R. leukops within Marlborough Creek during autumn and summer are credited to the timing of active periods rather than to diurnal fluctuations in abiotic factors. Unfortunately, the measure of activity used in this study (i.e., activity counts) fails to indicate what the turtles are doing (e.g., feeding or surfacing) as well as the associated metabolic cost of the behaviour. Baseline ecological studies are warranted for determining what activities R. leukops is undertaking during the day, the adaptive significance of the timing of these active periods, and the mechanism(s) that stimulate or terminate these periods (e.g., light intensity). Although daily changes in water temperature and aquatic PO 2 level do not appear to influence the surfacing frequency of R. leukops directly, small diel temperature fluctuations are known to trigger the onset and cessation of active periods in turtles (Graham 1972) . A further consideration is whether the trends recorded for turtles in Marlborough Creek are reflective of the behavioural patterns of R. leukops in other habitat types, especially given that R. leukops within the main stem Fitzroy River prefer the shallow riffle zones rather than pools, as observed during this study (Legler and Cann 1980; Cann 1988; Tucker et al. 2001) .
